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Preparation and Characterization of Silicon Dioxide Nanoparticles 

 
Lee Shet Khiun 

 
Resource Chemistry Programme 

Faculty of Resource Science and Technology 

University Malaysia Sarawak 

Abstract 

Silicon dioxide colloidal suspensions synthesized by the microemulsion method had higher 

stability than that prepared by the sol-gel method. The higher stability of silicon dioxide colloidal 

suspension prepared by microemulsion method was evidenced by the effect of aging which was 

observable in the order of weeks as compared to hours for colloidal suspension prepared by the sol-gel 

method. Silicon dioxide colloidal suspensions prepared by the sol-gel method formed precipitate after one 

day of preparation. Fourier Transformed Infrared Spectrometer (FTIR) had confirmed the presence of 

silicon dioxide in the sol with characteristic absorption bands at 800-1260 cm
-1

. UV-visible spectra of 

silicon dioxide colloidal suspensions prepared by microemulsion method showed lower λmax than that of 

the sol-gel method, indicating the formation of aggregates or particles with relatively smaller sizes. 

Besides, silicon dioxide colloidal suspensions were observed to have lower λmax after being dialyzed 

against ultrapure water. The morphology and particle size distribution of silicon dioxide thin films were 

studied by the Scanning Electron Microscopy (SEM) which indicated the presence of nano-sized silicon 

dioxide particles.   

Key words: Tetraethyl orthosilicate, Silicon dioxide nanoparticles, FTIR, SEM, Scanning UV – 

        visible. 

Abstrak 

Zarah koloid silikon dioksid dalam saiz nano yang disintesis melalui kaedah mikroemulsi 

mempunyai struktur yang lebih stabil daripada kaedah ‘sol-gel. FTIR spektra di 800-1260 cm
-1

 telah 

membuktikan kehadiran silicon dioksid. Silicon dioxide yang lebih stabil dengan penyediaan kaedah 

mikroemulsi mempunyai λmax yang lebih rendah, menunjukkan pengumpulan zarah saiz yang lebih kecil. 

Selain itu, silikon diosid yang telah melalui dialisis menunjukkan λmax yang lebih rendah daripada yang 

belum dialisis. Kestabilan zarah-zarah yang terbentuk melalui kaedah mikroemulsi boleh dibuktikan dengan 

mejalankan pemerhatian terhadap perubahan λmax melalui Spektrofotometer Nampak Ultraungu. 

Pemendakan silikon diosid terbentuk selepas sehari selepas penyediaan melalui kaedah ‘sol-gel’.  

Permukaan and saiz nano zarah silikon diosid boleh dikesan dengan menggunakan Mikroskopi Elektron 

Pengimbas (SEM). 

Kata Kunci: Tetraetil ortosilikat, zarah Silikon diosid, FTIR, SEM, Spektrofotometer Nampak Ultraungu. 
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CHAPTER 1 

INTRODUCTION 

 

 

Organic compounds containing silicon dioxide undergo chemical reaction to form silicon 

dioxide (SiO2) by the sol-gel process. Tetraetyl orthosilicate (TEOS) is usually used as precursor 

to synthesize silicate colloids by undergoing hydrolysis or gelation and condensation or 

polymerization process (Chrusciel and Slusarki, 2003). This mixture becomes more viscous as 

the reaction proceeds until the solution lost its fluidity and turned into gel (Larry et al., 1990). In 

the studies on silicon dioxide gels using sol-gel processing began as early as year 1864 by 

Graham with the hydrolysis of tetraethyl orthosilicate (TEOS) under acidic condition to form 

silicon dioxide, SiO2 in the “glass-like material” form (Larry et al., 1990). Today, large numbers 

of industries rely on fine sized powders and materials to produce their products. The goal of most 

powder-based processing is to produce particles of smaller size and to improve the uniformity of 

size. The rate of hydrolysis or gelation is controlled by the pH of catalysts, temperature, and 

nature of the solvent. The pore shape and size of silica colloidal depend on the surfactant and 

stirring time respectively after hydrolysis (Schuth et al., 1999). 

 

 Silicon dioxide, also known as silica is the oxide of silicon with the chemical formula 

SiO2. Molar mass of SiO2 is 60.1 g/mol and its melting point and boiling point are 1710
o
C and 

2230
o
C respectively. It is manufactured in many forms including glass in colorless high form 

called fused silicon dioxide, synthetic amorphous silicon dioxide, and silicon dioxide gel which is 

used as desiccants. Silicon dioxide is stable in water and at high temperature. This chemical 
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stability and good electrical insulation properties are the major reason that is needed to fabricate 

excellent semiconductor devices. The properties of silicon dioxide nanoparticles such as high 

surface areas are highly desirable as catalytic support because high surface area provides more 

active sites for gas or solid interactions (Hyeon-Lee et al., 1997). 

 

One of the most important parameters in the sol-gel process is the pH of the starting 

solution. The isoelectric point of silica, at which the electron mobility and the surface charge is 

zero, occur at approximately pH 2 (Mc Donagh et al., 1996). The nature of catalyst which 

showed the different pH of the sol will affect the gelation time and the microstructure and optical 

properties of the aerogels. Strong acidic catalysts resulted in transparent cracked and slightly 

shrunken aerogels. The acid-catalyzed gels have smaller pores, which cause the surface tension 

forces to become larger resulting in higher drying stress. It was shown that the extent of 

hydrolysis increases with the decrease of pH system (Ingenieurwissenschaften, 2002). Surface 

area observed at high pH is attributable to microporous gel region formed by partial hydrolysis of 

the silicon dioxide framework. Gel formation depends on the extent of the condensation of the 

silicon dioxide nanoparticles. Aging at higher pH was found to yield lower surface area, larger 

pore volume and a narrower pore size distribution. Thus, aging time and surface tension of the 

final pore fluid depending upon the pH (Davis et al., 1994). 

 

Dialysis is the movement of the molecules by diffusion from high concentration to low 

concentration through a semi-permeable membrane. Only those molecules that are small enough 

to pass through the membrane pores are able move through the membrane and reach equilibrium 
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with the entire volume of solution in the system. Once equilibrium is reached, there is no further 

net movement of the substance because molecules will be moving through the pores into and out 

of the dialysis unit at the same rate. Large molecules that cannot pass through the membrane 

pores will remain on the same side of the membrane as they were when dialysis was initiated 

(McPhie, 1971). 

 

The silicon dioxide colloidal suspensions were characterized by UV-visible 

spectrophotometer once they were formed. This characterization is to observe changes in the 

stability of silicon dioxide nanoparticles which was affected by aging of the sol. Aging is used to 

denote sol pre-polymerisation process. During this step, the sol is allowed to stand either at room 

temperature or at higher temperature for a period of time during which hydrolysis and 

condensation reactions cause aggregation and cross-linking (Mc Donagh, 1996). When the more 

unstable colloidal suspension was formed with the other method, the sol was characterized by 

using UV-visible spectrophotometer hourly in order to observe the stability of nanoparticles. The 

changes of wavelength and absorbance occurred although in hours. 

 

Nanoparticles are now critical to advancement in numerous applications. Silicon dioxide 

thin films have been widely used in electronics, optics and surface treatment fields, such as gate 

insulators, antireflective films on glasses and more (Liang et al., 2004). Silicon dioxide thin films 

with excellent heat-insulating properties and the relatively low dielectric value (Moon et al., 

1997), have been used in electronics, optics and gate insulators or interlayer dielctrics in 

protecting films of metals from corrosion (Chigane et al., 2006). Nano and meso porous silica 

films with uniform pore diameter of 50-300 nm have attracted great attention in industry area. 
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The thin film is produced by drop-coating on the stainless steels and dried at the room 

temperature. The resulting thin films were characterized by Scanning Electron Microscopy 

(SEM).  

 

In this study, silicon dioxide nanoparticles were prepared using various synthesis methods 

to compare particles sizes under different synthesis conditions such as using different catalyst or 

solvent. The main focus of this study was on comparing the particles sizes between different 

methods so that desired silicon dioxide particles sizes can be obtained. Silicon dioxide thin films 

were prepared from the nanoparticles by air drying the silicon dioxide sol on stainless steels. 

Silicon dioxide nanoparticles as well as thin film were subsequently characterized using Fourier 

Transformed Infrared Spectrometer (FTIR), Scanning UV-Visible Spectrophotometer, and 

Scanning Electron Microscope (SEM) in order to evaluate their potential applications. 

 

The objectives of this study are: 

 

1. To prepare silicon dioxide nanoparticles in the form of colloidal suspensions and thin 

films using different methods. 

 

2. To characterize the properties of these silicon dioxide nanoparticles and thin films. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

 

Nanotechnology can be defined as science and engineering of producing materials, 

functional structures and devices in nanometer scale, 10
-9

 m. Nanochemistry is chemistry for 

producing size dependent electronic, magnetic and optical properties. Meanwhile, nanoparticle is 

a microscopic particle which size is 100 nm or less. Nanoparticles which have been made of 

semiconducting material may also be labeled quantum dots if they are very small. Nanoparticles 

are one of great scientific interest as they are effectively bridge between bulk materials and 

atomic or molecular structures. Thomas Graham has defined colloids as substances which will 

not diffuse through a membrane. Colloids are now regarded as systems in which are two or more 

phases, such as dispersed phase or continuous phase. Colloids can be classified into sol and gel. 

Sol is dispersion of small solid particle in liquid; whereas gel is colloids in which both dispersed 

and continuous phases have a three dimensional network throughout the material, so that it forms 

a jelly like mass (Daintith, 2004).
    

 

Stober et al. in 1968 reported a pioneering method for the synthesis of spherical and 

monodispersed silicon dioxide nanoparticles from aqueous alcohol solutions of silicon alkoxides 

in the presence of ammonia as catalyst. Through this method, different sizes of silicon dioxide 

nanoparticles were prepared ranging from 50 nm to 1 µm with a narrow size distribution. The 

sizes of particles were depended on the type of silicon alkoxide and alcohol (Rao et al., 2005). 

This method consisted of hydrolysis of tetraethyl orthosilicate (TEOS) using ammonia as a 

catalyst and ethanol as solvent. Tetraethyl orthosilicate (TEOS), water, pentanol, and ammonia 
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were used as precursors. Tetraethyl orthosilicate (TEOS) was mixed and strongly stirred with 

water and glyceryl alcohol at room temperature under ammonia catalysis (Liang et al., 2004). 

 

Peri (1966) described the preparation of an aerogel where tetraethyl orthosilicate (TEOS) 

was being hydrolyzed in the presence of hydrochloric acid (HCl), the gel was then altered in 

water at 100
o
C, and the water would be replaced by methanol and the gel was dried. This method 

was further studied by Nicholaon et al. (1968), silicate gels were being synthesized using 

different tetrafuntional siliconalkoxide precursors, which was denoted as Si(OR)4. The hydrolysis 

process of silicon alkoxides can be divided into five stages: production of monomers by 

hydrolysis of precursors; formation of siloxane bonds and oligomers through condensation and 

polymerization; growth of particles and clusters; gelation; and aging. By using this method, 

spherical silica nanoparticles that range in 5-2000 nm can be synthesized. In general, the 

hydrolysis reaction is as follow:  

Si(OR)4 + H2O  (OR)3Si(OH) + ROH  

The hydrolysis reaction produces the singly-hydrolyzed TEOS monomer [(OR3)Si(OH)]. 

Subsequently, this intermediate reaction product condenses to eventually form silica (Green et al., 

2003). 

(RO3)Si(OH) + H2O  SiO2 +3ROH  

Gelation of silicon alkoxide solutions takes place as a result of the hydrolysis of the silicone 

alkoxides Si(OR)4 and subsequent polycondensation leading to the formation of polymers and 

particles with siloxane bonds (Chrusciel and Slusarki, 2003). 
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In previous research, tetraethyl orthosilicate (TEOS) was being used as a precursor 

material. There were also several reports on the production of silicon dioxide aerogels using 

tetramethoxysilane (TMOS) precursor, but the TMOS is five times costlier than the tetraethyl 

orthosilicate (TEOS) and also toxic, which can cause blindness. Thus, the present work describe 

the use of two step sol-gel process for the production of silicon dioxide aerogels using low cost 

and environmental friendly metal alkoxide precursor, TEOS (Sharad et al., 2006). 

 

Catalyst was added to fasten the hydrolysis reaction. The first step of the process was 

preparation of a TEOS–polymer mix. It was not so easy to prepare homogeneous mix because of 

a difference in solubility of both components. Other precursors, reactive toward the polymeric 

matrix are added to TEOS to avoid coalescence of TEOS molecules and formation of its droplets 

(Moon et al., 1997). Boonstra (1988) studied the influences of tetraethyl orthosilicate (TEOS) as 

precursor, concentrations of acid and NH4OH, temperature and hydrolysis time on the rate of 

gelation. He concluded that gelation time increased as the hydrolysis time increased and higher of 

ethanol concentration would increase the gelation time. Some important parameters for 

controlling synthesis conditions include water content, the solvent, concentration and types of 

catalyst used. Additives have been found to convert the wet gel into a monoliths xerogel. Water is 

removed easily in the presence of additives. Silica gels obtained with additives shrink slowly and 

higher monolithicity than gels obtained without additives (Lenza et al., 2001). The influence of 

solvent nature on the rate of synthesis has been classified into polar or nonpolar and as protic or 

aprotic. Aprotic solvent is unable to be deprotonated to form sufficiently strong nucleophiles 

which are necessary for the hydrolysis process (Morrison and Boyd, 1970). 
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Table 2.1: Classification of solvents (Morrison and Boyd, 1970). 

 

Protic polar solvent Aprotic polar solvent Nonpolar 

Methanol Dimethylsulfoxide (DMSO) Dioxane 

Ethanol Dimethylformamide (DMF) Benzene 

Formamide Acetonitril Hexane 

Water Acetone Chloroform 

 

 

Stucky et al. (1994) have reported that an acid synthesis route of mesoporous silica 

(pH<2.0) could usually lead to many topological constructions. Silicon dioxide can be 

synthesized in either the alkaline route or the acid route both using amphiphiles as templates. In 

the acid route, the precursor of silicon dioxide could be silicon alkoxides. The acid catalysis 

speeds up the hydrolysis versus the condensation rate and promotes mostly condensation at the 

ends of silicon dioxide polymers to form linear silicate ions. The alkaline catalysis favors both 

hydrolysis and condensation. Thus, the alkaline route leads to a highly condensed and compact 

structure, and the acid route leads to a more fuzzy and soft network (Liden et al., 2001). In the 

limit of low pH, below 2 and low water : TEOS ratio (R<2), the gel evolved as a weakly 

branched microporous structure with pore sizes below 2 nm. Under condition of pH>2 and R>2, a 

particulate gel is formed with larger pores. Increasing the R value increases the hydrolysis rate for 

a particular pH value.  Besides, the important parameters that affect the structure are precursor 

type, nature of catalyst, aging time, aging temperature, drying time and drying temperature (Mc 

Donagh, 1996). 
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A microemulsion may be defined as transparent, isotropic and thermodynamically stable 

solution of two immiscible liquids such as water and oil consisting of microdomains of one liquid 

stabilized by an interface of surfactant. In water-in-oil microemulsion, the aqueous phase is 

dispersed as microdroplets surrounded by a monolayer of surfactant molecules in the continuous 

hydrocarbon phase. The aqueous cores of microemulsion can serve as microreactors for the 

synthesis of nanoparticles (Abarkan et al., 2006). Surfactant-controlled condensation of inorganic 

solution species can be used to prepare mesostructured phase’s silica. Schuth et al. (1999) had 

studied the inorganic/organic interface and controlled the resulting particle size by adding 

appropriate compounds. He had shown that morphology was highly influenced by the stirring 

speed. The faster the stirring speed, the smaller the particles formed.  

 

Ming-Zhi et al. (2004) prepared nanoparticles silicon dioxide films from hydrolysis of 

tetraethyl orthosilicate, TEOS with catalyzed by R4NOH in water medium using the sol gel 

process. Silicon dioxide thin films were formed after being annealed at high temperature. Larry 

and Jon (1990) reported that silicon dioxide gel was heated at elevated temperature which is 

called densification in sol-gel process to reduce pores and to increase surface of gel.  
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CHAPTER 3 

 

METHODOLOGY 

 

 

3.1 Preparation of Silicon Dioxide Colloidal Suspensions  

 

In this study, silicon dioxide colloidal suspensions were prepared using two different 

methods, the microemulsion method and the sol-gel method as reported by Schuth et al., 

(1999) and Anderson et al. (1994) respectively. 

 

3.1.1 The Microemulsion Method 

 

In this method, tetraethyl orthosilicate (TEOS) was hydrolyzed with aqueous hydrochloric 

acid (HCl) in the presence of a surfactant, cetyltrimethylammonia bromide (CTAB). Hexane was 

added to the aqueous phase to form an emulsion. In a typically preparation, 4.74 g of CTAB were 

dissolved in 250 mL of water and 34 mL of concentrated hydrochloric acid was added. To this 

solution, a mixture of 4.29 mL of TEOS and 10.45 mL of hexane were added slowly over 30 

minutes while stirring, and keep stirring until 1 hour. Aqueous solution was separated from the 

organic phase and diluted by a factor of 10. Sol samples with different dialysis duration, different 

pH and without dialysis were used for investigating the structure of the nanoparticles obtained. 
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Figure 3.1: Flow chart showing steps in the preparation and characterization of silicon  

      dioxide colloidal suspension and thin films using the microemulsion method. 
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3.1.2 The Sol-gel Method 

 

In the sol-gel method, silicon dioxide colloidal suspension was prepared by typical 

reactants of water : tetraethyl orthosilicate (TEOS) : ammonia by volume ratio of 30:4.5:1 

ml. Typically, 12.68 mL of TEOS was hydrolyzed with 2.82 mL concentrated ammonia and 

84.5 mL water. Usually two phases occurred and mixed by stirring for 1 hour. The sol 

formed was dialyzed against ultrapure water to about pH 8 by using a dialysis tube 

membrane with a molecular weight cutoff of 3500. The resulting sol was filtered through a 

regular filter paper, and was then acidified to about a pH of 3 by addition of concentrated 

nitric acid. 
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Figure 3.2: Flow chart showing steps in the preparation and characterization of silicon  

                  dioxide colloidal suspension and thin films by the sol-gel method. 
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3.2 Preparation of Silicon Dioxide Thin Films 

 

About 50 pieces of stainless steel plates (4 cm x1.5 cm) were cleaned by sonicating 

successively in ultrpure water, 15% nitric acid, ultrapure water, acetone and then ultrapure 

water again. All of the dried stainless steel plates were individually labeled based on the sol 

coated on it. A measured amount of silicon dioxide sol was then drop-coated on the stainless 

steel plate and air dried at room temperature.  

 

 

3.3 Characterization of Silicon Dioxide Nanoparticles and Thin Films 

 

All silicon dioxide nanoparticles and thin films samples were characterized to determine 

their chemical and physical properties using methods as follow: 

 

3.3.1 Fourier Transformed Infrared Spectrometer (FTIR) 

 

 The presence of silicon dioxide nanoparticles were determined by the FTIR spectrometer. 

Silicon dioxide sols were air dried and the silicon dioxide crystal formed was grounded with 

KBr and pressed into pellet form. The ratio of KBr to sample used was 1:10. 

 

 

 

 



 15 

3.3.2 Scanning Electron Microscope (SEM) 

 

 

The morphology and size distribution of silicon dioxide nanoparticles were studied using 

SEM (JOEL model JSM-5300 LV) which is located at the Timber Research and Technical 

Training Centre Kuching. Diluted silicon dioxide colloidal suspensions were being drop-

coated onto the clean stainless steel plates, air-dried and examined using SEM at the 

appropriate magnification.  

 

 

3.3.3 Scanning UV-Visible Spectrophotometer 

 

The aggregation and stability of silicon dioxide nanoparticles in the form of colloidal 

suspensions were studied using the Scanning UV-Visible Spectrophotometer by measuring 

their absorbance over a predetermined range of wavelength from 200 nm to 500 nm. Colloidal 

suspensions which were synthesized by two different methods; the colloidal suspensions with 

higher stability were run with longer interval time. Colloidal suspensions with lower 

stabilities were scanned with shorter time interval. Besides, UV-Visible Spectrophotometer 

was also used to compare the colloidal suspensions before and after dialysis. 
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CHAPTER 4 

 

RESULTS AND DISSCUSSION 

 

 

4.1 Synthesis and Characterization of Silicon Dioxide (SiO2) Colloidal Suspension 

 

      4.1.1 Preparation of Silicon Dioxide (SiO2) Colloidal Suspension 

 

Silicon dioxide colloidal suspensions were prepared by the microemulsion method 

(Schuth et al., 1998) and the sol-gel method (Kun-Hong et al., 1994). Both of these methods 

produced clear and homogeneous colloidal suspension as shown in Figure 4.1. However, the 

preparation of silicon dioxide colloidal suspensions by the sol-gel method required longer 

time because it involved three days of dialysis process to remove unwanted ions, whereas the 

microemulsion method required one day only without the dialysis process.  

 

       a)                b)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

 

 

 

 

 

Figure 4.1: Silicon dioxide colloidal suspension prepared by (a) the microemulsion method and     

                 (b) the sol-gel method. 

  

(a) (b) 


